Background: Leukoaraiosis (LA) is closely associated with aging, a major determinant of clinical outcome after ischemic stroke. In this study we sought to identify whether LA, independent of advancing age, affects outcome after acute ischemic stroke.
Stroke is a leading cause of major disability worldwide. Only a third of those who survive an ischemic stroke recover with little or no deficit; the majority remain moderately or severely disabled for life. 1 Advancing age is not only a risk factor for developing a stroke, it is also a potent predictor of poor clinical outcome after a stroke occurs. 2 Following the dramatic increase in life expectancy in the prior century and the widespread rise in the elderly population, poststroke care has become a major social and economic burden. 3 This has led to intense efforts to identify outcome predictors that are amenable to treatment. Although age is a potent predictor of outcome, it is clearly a nonmodifiable characteristic. However, it has been postulated that age may act as a surrogate marker for unknown underlying mechanisms.
Leukoaraiosis (LA), a disease of the cerebral small vessels, is strongly associated with age 4 and may be partially responsible for the association between age and stroke outcome. LA is common in the elderly, affecting up to 70% of the population with a mean age of 65. 5 LA is an independent predictor of risk of symptomatic stroke, 6 hemorrhagic transformation after thrombolysis for ischemic stroke, 7 stroke recurrence, 8 and poststroke dementia. 9 In addition, both age 10 and LA 11 predict cerebral infarct growth early after stroke. Given the strong correlation between advancing age and increasing volume of LA, we hypothesized that LA may be one potential mechanism underlying the role of age in stroke susceptibility and outcome. Therefore, in the current study we sought to determine whether LA mediates the effect of advancing age on poor clinical outcome after acute ischemic stroke.
METHODS Study population. We retrospectively analyzed the clinical and imaging data collected at a single center, as part of a prospective multicenter study evaluating the utility of new CT-based neuroimaging technology to improve prediction of stroke subtype and outcome (Screening Technology and Outcome Project in Stroke [STOPStroke] Study). The STOPStroke Study enrolled consecutive patients who were evaluated by multimodal CT (noncontrast CT, CT angiography, CT perfusion) within 24 hours of symptom onset for symptoms consistent with an acute ischemic stroke. Clinical outcome status was determined using the modified Rankin Scale (mRS) obtained by tele-phone interview at 6 months. The study started in March 2003 and follow-up was completed in July 2006. For the present analysis, patients were eligible if 1) they had a brain MRI with diffusion-weighted imaging (DWI) performed within the first 24 hours of symptom onset confirming a clinically relevant infarct and 2) they did not receive investigational treatments. Patients with prestroke disability (mRS Ն2) were excluded. All patients underwent a standardized evaluation of rehabilitation needs by the same team of physical, occupational, and speech therapists, and were given an individualized rehabilitation treatment plan before discharge. The local institutional review board approved all aspects of the study.
Data collection. Admission National Institute of Health
Stroke Scale (NIHSS) score, prestroke disability, and clinical outcome at 6 months as defined by mRS were collected prospectively. Clinical characteristics including time of stroke onset (defined as last time the patient was known to be well), time to radiographic examinations, and demographic and medical information were ascertained for each patient through retrospective chart review. We classified stroke etiology using the Causative Classification of Stroke (CCS) system. 12 Image acquisition and analysis. MRI was performed using 1.5-T scanners (GE Signa, GE Medical Systems, Milwaukee, WI; or Siemens Sonata, Siemens Medical Solutions, Erlangen, Germany). The image acquisition parameters were summarized in detail elsewhere. 11 We used MRIcro software (University of Nottingham, UK) to create region of interest maps of supratentorial LA by signal intensity thresholding followed by manual editing as necessary. 11, 13 LA was measured from fluid-attenuated inversion recovery (FLAIR) images obtained Յ24 hours from stroke onset in order to minimize obscuring of the boundaries of LA by signal changes secondary to the acute ischemic lesion (figure 1). In patients with prominent signal increase on FLAIR, we used DWI for visual guidance to distinguish the borders of ischemic lesion and LA. LA was identified as any white matter hyperintensity within the region starting at the lateral ventricular border and extending up to the cortico-medullary junction on acute FLAIR images. 14 Hyperintense lesions involving the convolutional white matter, U-fibers, corpus callosum, internal capsule, and anterior commissure were not regarded as LA. 15 Also excluded from LA outlines were chronic infarcts that clearly corresponded to a vascular territory according to previously published templates. 16 In order to normalize LA volumes to head size, we used mid-sagittal cross-sectional intracranial area (ICA) as a surrogate measure of the intracranial volume. 13, 17 In addition to LA volume, we manually outlined acute ischemic lesions on admission DWI and final infarcts on follow-up FLAIR or CT when available. Follow-up images were obtained Ͼ14 days after stroke onset in order to minimize the confounding effect of brain edema and hemorrhagic conversion on final infarct volume measurements. The calculated acute and final infarct volumes were then normalized with respect to ICA. The intraclass correlation coefficient for the method used for lesion outlining was reported to be 0.98 13 for LA, 0.97 17 for ICA, 0.99 18 for DWI, and 0.99 18 for final infarct volume outlines. All MRI measurements were performed by readers blinded to clinical data, including clinical outcome.
Statistical analysis.
All numerical variables are expressed as mean Ϯ SD or median (interquartile range [IQR]). Mann-Whitney U and Kruskal-Wallis tests were used to explore the relationship between categorical variables and mRS at 6 months. Spearman correlation was used to analyze the relationship between continuous variables and mRS at 6 months. We used ordinal logistic regression analysis to test for independent predictors of mRS at 6 months. Independent variables for this model were chosen using a conservative threshold of p Ͻ 0.15 at the bivariate analysis stage. As stroke mortality (mRS ϭ 6) is associated with a wide array of factors not necessarily related to the acute brain pathology, 19 we first developed a model to test relationships with clinical outcome in patients who were alive at the time of follow-up (model A, dependent variable: mRS 0 -5). We then constructed a second ordinal logistic regression model that also included patients who were dead at 6 months poststroke (model B, dependent variable: mRS 0 -6). Patients with mRS of 5 and 6 were collapsed into a single group in order to meet the assumption of proportional odds for ordinal logistic regression analysis in model B. The final regression model (model C, dependent variable: mRS 0 -6) was an exploratory step toward elucidating if the mechanism of LA volume-clinical outcome relationship was independent of the effect of LA volume on lesion growth during the acute period. 11 Due to the small sample size (n ϭ 57), model C included only LA volume and final infarct volume as independent variables. A two-tailed p value of Յ0.05 was considered significant. All statistical analyses were performed using SPSS 11.5.
RESULTS
The STOPStroke Study enrolled a total of 496 patients during the study period. We excluded patients who did not have brain MRI within the first 24 hours (138 patients) and who were lost to follow-up (62 patients). The reasons for inability to obtain MRI included late scanning in 80 (Ͼ24 hours of onset), contraindications in 43 (metal implants/ foreign body, cardiac pacemaker, excessive body weight), MRI not deemed to be necessary by the treating physician in 10, and MRI performed at an outside center in 5 patients. We further excluded a total of 56 patients because of prestroke mRS Ն2 (22 patients), the use of investigational treatment (22 patients), and motion artifact on MRI precluding determination of LA volume (12 patients). The remaining 240 patients comprised the final study population.
The median time from symptom onset to MRI was 7.5 hours (IQR, 4.7-12.7 hours). LA volume ranged between 0.1 and 57.4 mL, with a median of 3.2 mL (IQR, 1.2-9.9 mL). There was no significant difference between median LA volumes in cerebral hemispheres ipsilateral and contralateral to the site of the acute ischemic lesion (1.7 mL vs 1.5 mL, p ϭ 0.774). In the bivariate analysis, patients with higher LA volumes at the time of their stroke had more severe functional deficits at 6 months poststroke (r ϭ 0.19, p ϭ 0.003) (table 1, figure 2). Mean mRS was 1.7 Ϯ 1.8 among those in the lowest (Յ1.2 mL) and 2.5 Ϯ 1.9 in the highest (Ͼ9.9 mL) quartiles of LA volume (p ϭ 0.01, n ϭ 60 for each quartile). More patients with LA volume in the highest quartile were discharged to a rehabilitation facility as compared with other quartiles (42% each in the first three quartiles and 65% in the fourth quartile, p ϭ 0.020).
All multivariable models fulfilled the proportional odds assumption and were significant at a p value of Ͻ0.001 (model A and model B) and 0.003 (model C). There was no collinearity between the covariates. There was an independent effect of LA on clinical outcome in model A (dependent variable: mRS 0 -5), with an adjusted odds ratio (OR) of 1.05 (95% confidence interval [CI], 1.02-1.08) for mRS with every 1 mL increase in LA volume (table 2) . Additional independent predictors of 6-month mRS were female gender, admission NIHSS score, and admission DWI lesion volume. Age was not an independent predictor in this model. Age, however, became a significant predictor of clinical outcome when LA volume was not included as a covariate in model A.
In model B (dependent variable: mRS 0 -6), all independent predictors in model A, including LA volume, remained significant. In addition, age was also an independent predictor of clinical outcome in this model. The effect of age (by deciles) on mRS decreased from an OR of 1.31 (95% CI, 1.06 -1.62) to 1.17 (95% CI, 0.94 -1.47) in model A and from 1.38 (95% CI, 1.13-1.69) to 1.29 (95% CI, 1.04 -1.60) in model B, when LA volume was accounted for, suggesting that LA was responsible for a portion of the effect of age on mRS. The results were similar when both models were repeated using contralateral hemisphere LA volume as a covariate.
There were 57 patients who had follow-up imaging performed. The median time to follow-up imaging was 91 days (IQR, 47-159 days). The median LA volume and 6-month mRS were not significantly different between the 57 patients with (LA volume ϭ 2.2 mL, mRS ϭ 2) and 183 patients without follow-up imaging (LA volume ϭ 3.8 mL, mRS ϭ 1). The median final infarct volume was 4.7 mL (IQR, 0.6 mL-17.3 mL). The final infarct volume correlated with mRS at 6 months (r ϭ 0.35, p ϭ 0.007). In model C, both LA volume and final infarct volume were independent predictors of 6-month mRS, suggesting that the influence of LA on clinical outcome cannot be only explained by a possible effect on infarct growth (table 2) . DISCUSSION The results of this study demonstrate that LA influences clinical outcome after ischemic stroke and that this effect appears to be independent of the volume of brain tissue that is irreversibly injured by the acute insult. Our findings also suggest that LA volume may mediate at least a portion of the influence of age on stroke outcome as the effect of age increases when LA is removed as a predictor of clinical outcome.
Despite the fact that LA has consistently been shown to predict development of poststroke demen- tia, 9 prior studies of LA and stroke outcome have been inconclusive; a direct effect of LA on stroke morbidity and mortality has been demonstrated in some 20, 21 but not other 7, 22 studies. These discrepancies, in part, resulted from the use of visual scales to quantify LA burden instead of precise volumetric assessment. Prior studies also varied in the scales used to measure stroke outcome. Furthermore, LA burden was often measured using CT rather than MRI, which is far less sensitive to its detection, 23 and poses particular challenges in assessing its severity. The present study quantitatively measured LA volume on MRI as opposed to employing a visual rating scale. Our findings demonstrate a small but significant shift in mRS toward less favorable outcomes with increasing LA volume. The relationship between LA volume and outcome persisted after adjustment for a comprehensive list of previously validated predictors of poststroke clinical outcome including age, initial stroke severity, and infarct volume. The small correlation between LA volume and clinical outcome (r ϭ 0.19) probably reflects the fact that individual risk factors in multifactorial conditions such as stroke outcome can only account for a small proportion of the overall variance in the risk. Nevertheless, the highest quartile of LA volume was associated with a 1.5-fold increase in mRS as compared with the lowest quartile. The absolute mean difference in mRS between the lowest and highest LA quartiles was 0.8. This is a robust difference and compares well with the data from several recent therapeutic stroke trials. 24, 25 For instance, in the National Institute of Neurological Disorders and Stroke tissue plasminogen activator trial, the mean mRS was 2.66 in the treatment and 3.19 in the placebo groups, revealing an absolute difference of only 0.53. 26 The relationship between LA and clinical outcome could involve multiple mechanisms. It is well known that LA regions have reduced vascular density 27 and cerebral blood flow, 28 which may lead to infarct growth in the acute setting by preventing peripheral compensation during ischemic stress. 29 Alternately, the presence of dysfunctional neuronal networks in patients with LA may be partially responsible for the association between high LA burden and unfavorable outcome. An intact system of intrahemispheric and interhemispheric connectivity The results are not adjusted for potential covariates. is essential for favorable functional recovery following stroke. 30 Neuropathologic and functional neuroimaging studies have shown the presence of decreased neuronal connectivity in patients with LA, 31, 32 which is most likely due to the demyelination, loss of axons and oligodendrocytes, and astrocytic gliosis. 15 This may result in decreased functional connectivity of distant cortical regions, 33 which could impair plasticity and inhibit recovery. This mechanism is supported by the observations that LA is associated with poststroke dementia 9 and that subcortical lesions can reduce effective interhemispheric interactions in a manner that correlates with a patient's level of motor impairment. 30 Finally, LA is a well-known risk factor for developing poststroke cognitive impairment and depression, which may ultimately adversely affect patients' compliance with treatment and recovery programs. 9, 34 Further research using objective measures of connectivity, infarct evolution, and baseline cognitive functioning is needed to elucidate the exact mechanism of the relationship between LA and clinical outcome. Age is one of the most consistent clinical variables associated with clinical outcome in the literature; however, most published studies supporting the role of age on stroke outcome included mortality as part of the outcome measure. 2, 35 Our findings demonstrate that the effect of age on outcome is of varying degrees and is dependent on the inclusion of mortality as an outcome measure. The deleterious effect of age on clinical outcome appears to be mediated in part by LA volume; age is not an independent predictor of clinical outcome when LA volume is accounted for. In contrast, age is a strong predictor of outcome regardless of LA volume if the outcome measure includes mortality. There may be multiple reasons for this finding. First, the strong correlation between LA volume and age might have decreased the statistical power of the regression models. An alternative explanation could be that age has a differential influence on recovery vs mortality following stroke, especially given the fact that a significant portion of deaths in patients with stroke are not attributed to the stroke but to age-related comorbid conditions. 19 The present study has a number of strengths and limitations. The strengths include a relatively large sample size, blind assessment of DWI and LA volumes with respect to clinical outcome, volumetric assessment of LA burden, rigorous adjustment for potential confounders, and the use of mRS as an ordinal variable to prevent the loss of information that occurs during dichotomization. 36 An important limitation of our study is its observational prospective nature that resulted in several inevitable dropouts; patients did not consent or could not be scanned because of MRI contraindications or were not available for follow-up assessment. The consent and follow-up bias might have resulted in a systematic error toward selection of a more favorable outcome population 37, 38 ; the present cohort was considerably skewed toward milder strokes at baseline (median admission NIHSS score: 6) and more favorable clinical outcome at 6 months (median mRS: 1) as compared with other published consecutive stroke cohorts. 1 Nevertheless, because LA volume correlates with stroke severity, our inability to include severe strokes likely resulted in an underestimation of the observed magnitude of relationship between LA volume and clinical outcome. The current study was restricted to patients who had DWI and FLAIR obtained within 24 hours of symptom onset. As a result, patients with severe strokes who were not clinically stable enough for an early MRI, patients with mild stroke with delayed hospital admission, patients with grave short-term prognosis, and patients with contraindications for MRI were missed. However, neither baseline stroke severity nor age, historically the two strongest predictors of stroke outcome, differed among patients with or without admission MRI, arguing against a significant bias in patient selection.
It has long been known that advanced age hinders recovery from acute ischemic stroke. While it is generally assumed that the mechanisms underlying the effect of advanced age on stroke recovery are associated with age-related comorbidities such as osteoporosis, osteoarthritis, and coronary artery disease, it is clear that changes within the brain itself contribute substantially to the brain's response to injury. LA is emerging as a potent manifestation of the cerebrovascular aging process and a marker of risk for stroke as well as age-related cognitive and gait deterioration. 9, 39 Our data suggest that the conditions that manifest as LA also contribute to the brain's recovery from stroke and, because of their relationship to the aging process, underlie a portion of the effect of age on stroke outcome. These observations suggest that therapies that slow the progression of LA hold promise not only for reducing the incidence of stroke, but also reducing stroke severity and improving clinical outcome when it occurs. Indeed, as LA volume appears to be determined only partially by the same vascular risk factors that predispose to symptomatic stroke, such therapies could well involve novel mechanisms currently not exploited in stroke prevention. Given the prevalence of LA among our aging population, such therapies may transform the aging process for future generations.
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